The emergence in recent years of DNA editing technologies-Zinc finger nucleases (ZFNs), transcription activator-like effector (TALE) guided nucleases (TALENs), clustered regularly interspaced short palindromic repeats (CRISPR)/Cas family enzymes, and Base-Editors-have greatly increased our ability to generate hundreds of edited cells carrying an array of alleles, including single-nucleotide substitutions. However, the infrequency of homology-dependent repair (HDR) in generating these substitutions in general requires the screening of large numbers of edited cells to isolate the sequence change of interest. Here we present a high-throughput method for the amplification and barcoding of edited loci in a 96-well plate format. After barcoding, plates are indexed as pools which permits multiplexed sequencing of hundreds of clones simultaneously. This protocol works at high success rate with more than 94% of clones successfully genotyped following analysis.
Introduction
The past two decades have seen the explosion of available genomic editing tools for eukaryotic systems including Zinc finger nucleases (ZFNs) [1] , transcription activator-like effector (TALE) guided nucleases (TALENs) [2] , CRISPR/Cas nucleases [3] [4] [5] , and most recently the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas, and Base-Editors [6] . These systems operate via endogenous DNA repair mechanisms to bring about nucleotide changes and have greatly increased the routine throughput of genomic editing experiments. Generally, sequence changes arise during repair of double-strand DNA breaks, with repair primarily carried out by the non-homologous end joining (NHEJ) pathway, which generates small insertions or deletions (indels), and less commonly large deletions [7, 8] . However, exact base-pair changes can also be generated by the less-frequent homology-dependent repair (HDR) pathway using co-transfected donor or template DNA [9] . Methods While many experimental approaches have used pools of CRISPR/Cas guides to edit numerous loci, such as knock-out and drop-out screens [10] [11] [12] [13] , other experiments require a more tailored approach, using HDR to introducing specific changes within a few loci [9, 14] . For example, the exact editing of single nucleotide polymorphisms (SNPs) within primary cells or cell lines is essential to functionally validate causative SNPs identified from genome-wide association studies [15] . Although methods for both editing cells and isolating clones of edited cells have become much more accessible, techniques for high-throughput screening of large numbers of clones are still required. These techniques are particularly important for projects where exact nucleotide changes are required as HDR occurs much less frequently than NHEJ, requiring larger numbers of clones to be screened to isolate correctly repaired loci [7, 12, 16 ]. While it is often possible to identify sequence changes via traditional Sanger sequencing these signals become confused by heterozygotes with small indels and are hard to incorporate into high-throughput pipelines; this is especially complex in polyploid cells with more than two alleles.
Conventional screening approaches use Sanger sequencing [17] , which is low-throughput and poorly resolves heterozygotes. Alternatively, polymerase chain reaction (PCR)-capillary gel electrophoresis [18] and high-resolution melting-curve analysis [19] are high-throughput methods, but provide no sequence information. In contrast, next-generation sequencing generates signal from a single allele and makes signal deconvolution unnecessary for heterozygotes, while at the same time, allows high-throughput handling [20] . We have, therefore, developed a pipeline for the high-throughput genotyping of targeted loci in edited and single-cell sorted clones. Our method uses three rounds of amplification: first to isolate the locus of interest, second to barcode the well into which the clone was sorted, and third to index the specific plate. This method allows for several hundred clones to be genotyped simultaneously in a single sequencing run and also permits the multiplexed screening of editing at multiple loci. Importantly the protocol provides exact allelic sequence for resolution of complex alleles in diploid or polyploid cells and provides sequence files that can be analyzed with provided plateScreen96 scripts, or input into other analysis tools (e.g., OutKnocker [21] ). This protocol will be highly useful for studies where isolation of clones with exact nucleotide changes is necessitated; and may be easily incorporated into an automated robotics system for even higher throughput applications.
Experimental Design
This protocol describes the genotyping of one or more loci of interest using next-generation sequencing. The protocol requires cells to have previously been edited, single-cell sorted and clonally expanded following a cell-type specific protocol (e.g., HEK-293 [22] or HUDEP-2 [23] ). Expanded cells are split with one plate stored frozen and the other used for genotyping. As a control for this protocol it is appropriate to include one sample well from unedited cells.
Genotyping ( Figure 1 ) begins with the amplification of one or more loci of interest using specific primers which contain a linker sequence. The linker sequence is then used as a primer for a second round of amplification in which, maximally distinguishable combinations of barcodes are incorporated in a well-by-well basis. Each plate of PCR products is then pooled together for the addition of next-generation sequencing adaptors and indices, which allows multiplexing of numerous plates and the simultaneous sequencing of hundreds, or even thousands, of clones. Fastq files from sequencing are then analyzed using the plateScreen96 code [24, 25] which reconstructs the original DNA fragments using overlapping forward and reverse reads (flashing). These flashed sequences are then mapped back to an appropriate genome build, and each unique allele along with how many times it was sequenced is reported. The output of plateScreen96 is an easily readable pdf report summarizing the genotypes of the genome edits in each well. Once the desired clones are identified these can be recovered from freezer storage and expanded. 
Reagents and Materials
• 
Custom Locus Primers
The first PCR step of this protocol requires amplification of the edited locus using custom primers (Supplementary Materials Table S1 ). Primers are designed using standard tools such as IDT PrimerQuest [26] and should be positioned between 150-200 bp from the editing site to generate a 300-400 bp PCR product. When screening for HDR events is essential primers do not overlap any donor sequence (such as single stranded oligodeoxynucleotides, ssODNs) to avoid amplification from incorrect insertions. Additionally, distant primers minimize the likelihood of false-positive homozygotes generated by a large deletion on one allele removing a primer binding site. False homozygotes can be filtered either with a heterozygous SNP within the PCR product, or by screening for heterozygosity with a larger PCR product (>5 kb in size) to identify large deletions. However, placement of primers should be such that the final PCR product is no greater than~400 bp, as this enables sequence coverage across the entire amplicon and generates overlapping reads to reconstruct the original PCR product, which is essential for complete analysis. Up to five primer pairs are designed and tested in silico with BLAT [27] to ensure site locus specificity. A modified m13fwd (5 -GTAAACGACGGCCAGT-3 ) and m13rev (5 -AGCGGATAACAATTTCACACAGGA-3 ) sequence are then added to the 5 ends of the forward and reverse primers respectively. The m13 sequences serve dual purposes, acting as adaptors for barcode primer binding and allowing for traditional Sanger sequencing if necessary.
As the addition of the m13 linkers may alter the binding specificity of the primer, at least two primer pairs are ordered and tested on genomic DNA (Figure 2 ). The PCR products from these primers can be sequenced to confirm specificity if necessary. Primer-pair cocktails are made by mixing equal volumes of 20 µM forward and reverse primer dilutions to generate a working stock containing each primer at 10 µM.
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Primers to Barcode Individual Wells
Locus specific PCR products are barcoded with one of eight forward primers (iR5) and one of twelve reverse primers (iC7) in all 96 permutations to uniquely identify each well (Figure 2 ). These primers contain a 3 bp spacer (GAT), and 8 bp barcode, and a modified m13fwd or m13rev sequence (Table 1) to prime from the locus specific PCR product. Primers should be made up to a working stock of 10 µM. 
Locus specific PCR products are barcoded with one of eight forward primers (iR5) and one of twelve reverse primers (iC7) in all 96 permutations to uniquely identify each well ( Figure 2 ). These primers contain a 3 bp spacer (GAT), and 8 bp barcode, and a modified m13fwd or m13rev sequence (Table 1) to prime from the locus specific PCR product. Primers should be made up to a working stock of 10 µM. Table 1 . Oligonucleotides for barcoding 96-wells.
ID
Barcode Sequence iR5 -Row Barcode Primers (Forward)
AGCGATAG GATAGCGATAGAGCGGATAACAATTTCACACAGGA 
Analysis Software
The custom plateScreen96 scripts are available on GitHub [24] , with additional test files, manual and system requirements also available online [25] .
Procedure
Here we provide instructions for splitting non-adherent cells into two plates, one for freezing and storage (stock plate) and the other for lysis (genotype plate), amplification and indexing producing a next-generation sequence ready library ( Figure 1 ). Cells should already have been edited, single-cell fluorescence-activated cell sorting (FACS) separated and expanded in a method appropriate for the cell type (e.g., HEK-293 [22] ; HUDEP-2 [23] ). Where single-cell FACS is not available, limiting dilution may be used but care should be made to ensure each well is occupied by a unique clone.
Clonal Expansion. Time for Completion: 2-3 Weeks

1.
Using the appropriate growth media, clonally expand single-cell sorted colonies, splitting them as necessary until they occupy two to four wells of a 96-well plate at a high level of confluence (80-90%).
Splitting and Freezing Cells. Time for Completion: 3 h
2.
Reduce media volume to <100 µL per well and mix by pipetting.
3.
Prepare two new 96-well V-bottomed plates (one for stock storage and one for genotyping) by combining two wells of highly confluent cells. Note: If cells have only grown to occupy two wells of a flat-bottomed 96-well plate, transfer a single well to each V-bottomed plate.
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Analysis Software
Procedure
Clonal Expansion. Time for Completion: 2-3 Weeks
1. Using the appropriate growth media, clonally expand single-cell sorted colonies, splitting them as necessary until they occupy two to four wells of a 96-well plate at a high level of confluence (80-90%). CRITICAL STEP Clones should occupy identical wells in both the stock and genotyping plates.
Splitting and Freezing
4.
Set aside the genotyping plate and pellet the cells in the stock plate by centrifugation (250× g, 5 min, room temperature).
5.
During this spin step, prepare 5 mL of sterile freezing media (90% FBS, 10% DMSO v/v) per stock plate. 6.
After centrifugation use an 8-or 12-channel pipette to carefully remove supernatant from the pelleted cells in the stock plate.
Analysis Software
Procedure
Clonal Expansion. Time for Completion: 2-3 Weeks
1. Using the appropriate growth media, clonally expand single-cell sorted colonies, splitting them as necessary until they occupy two to four wells of a 96-well plate at a high level of confluence (80-90%). 
Splitting and Freezing Cells. Time for Completion
Locus Amplification and PCR Product Clean-Up. Time for Completion: 4 h
CRITICAL STEP Take care not to dislodge and discard cells by disturbing the pellet.
7.
Quickly and carefully resuspend cells in 50 µL of freezing buffer. 8.
Wrap the stock plate in parafilm, place in polystyrene box or freezing box and store at −80 • C. 18. Place in thermocycler and amplify using the Platinum PCR cycling settings in Table 2 . PAUSE STEP After stopping the reaction, the mix can be stored at 4 °C overnight.
Well Barcoding and PCR Product Clean-Up. Time for Completion: 3 h
23. To each well of cleaned-up PCR product add 11.5 µL Platinum master mix (perform on ice). 24. Prepare a stock 96-well plate of barcoding primers by combining all unique pairs of row and column primers at 5 µM each by adding equal volumes (2-5 µL) of each iC7 and iR5 primer at 10 µM. This primer plate may be stored at −20 °C and used multiple times. 25. Using the barcoding primers prepared in step 24 and a multichannel pipette add 0.5 µL of primers to the appropriate wells of the genotyping plate. 26. Place in a thermocycler and amplify using the Platinum PCR cycling settings in Table 2 . 16. Aliquot 11.5 µL of Locus PCR master mix into each well of a 96-well PCR plate on ice. 17. On ice, add 1 µL of cell lysate to the corresponding well of the PCR plate and mix by pipetting. 18. Place in thermocycler and amplify using the Platinum PCR cycling settings in Table 2 . Table 2 . Platinum polymerase chain reaction (PCR) Amplification.
Step
Temp. Time
Step 1 94 • C 2 min
Step 2 94 • C 30 s
Step 3 62 • C 30 s
Step 4 68 • C 1 min
Repeat steps 2-4 for a total of 12 cycles
Step 5 72 • C 10 min
Step 6 18 . Place in thermocycler and amplify using the Platinum PCR cycling settings in Table 2 . PAUSE STEP After stopping the reaction, the mix can be stored at 4 °C overnight.
Well Barcoding and PCR Product Clean-Up. Time for Completion: 3 h
23. To each well of cleaned-up PCR product add 11.5 µL Platinum master mix (perform on ice). 24. Prepare a stock 96-well plate of barcoding primers by combining all unique pairs of row and column primers at 5 µM each by adding equal volumes (2-5 µL) of each iC7 and iR5 primer at 10 µM. This primer plate may be stored at −20 °C and used multiple times. 25. Using the barcoding primers prepared in step 24 and a multichannel pipette add 0.5 µL of primers to the appropriate wells of the genotyping plate. 26. Place in a thermocycler and amplify using the Platinum PCR cycling settings in Table 2 . 27. During amplification bring an aliquot of 875 µL Ampure XP beads to room temp in an Eppendorf tube. 28. Pool 5 µL from each well of a single plate into a single 1.5 mL DNA low bind tube (480 µL in total). Store excess PCR reaction at −20 °C. 29. Add 864 µL Ampure XP beads (1.8 volumes) to the pooled PCR products. Mix by pipetting. 30. Incubate at room temp for 5 min. 31. During incubation prepare 80% ethanol (1200 µL 100% ethanol, 300 µL PCR grade water). 32. Place on magnetic stand. After the liquid has cleared ~5 min), remove and discard the liquid without disturbing the beads. 33. Add 700 µL of fresh 80% ethanol again without disturbing beads. Incubate 30 s. 34. Remove the ethanol and the repeat wash with another 700 µL of fresh 80% ethanol. 35. Discard the ethanol, spin briefly on a bench-top centrifuge and replace on magnetic stand. 36. Discard the residual ethanol and allow to air dry until beads appear matte in appearance ~5 min). PAUSE STEP After stopping the reaction, the mix can be stored at 4 • C overnight.
CRITICAL STEP
Well Barcoding and PCR Product Clean-Up. Time for Completion: 3 h
23. To each well of cleaned-up PCR product add 11.5 µL Platinum master mix (perform on ice). 24. Prepare a stock 96-well plate of barcoding primers by combining all unique pairs of row and column primers at 5 µM each by adding equal volumes (2-5 µL) of each iC7 and iR5 primer at 10 µM. This primer plate may be stored at −20 • C and used multiple times. 25. Using the barcoding primers prepared in step 24 and a multichannel pipette add 0.5 µL of primers to the appropriate wells of the genotyping plate. 26. Place in a thermocycler and amplify using the Platinum PCR cycling settings in Table 2 
Analysis Software
Procedure
Here we provide instructions for splitting non-adherent cells into two plates, one for freezing and storage (stock plate) and the other for lysis (genotype plate), amplification and indexing producing a next-generation sequence ready library (Figure 1 ). Cells should already have been edited, single-cell fluorescence-activated cell sorting (FACS) separated and expanded in a method appropriate for the cell type (e.g., HEK-293 [22] ; HUDEP-2 [23] ). Where single-cell FACS is not available, limiting dilution may be used but care should be made to ensure each well is occupied by a unique clone.
Clonal Expansion. Time for Completion: 2-3 Weeks
1. Using the appropriate growth media, clonally expand single-cell sorted colonies, splitting them as necessary until they occupy two to four wells of a 96-well plate at a high level of confluence (80-90%).
Splitting and Freezing Cells. Time for Completion: 3 h
2. Reduce media volume to <100 µL per well and mix by pipetting. PAUSE STEP After stopping the reaction, the mix can be stored at 4 °C overnight.
Well Barcoding and PCR Product Clean-Up. Time for Completion: 3 h
23. To each well of cleaned-up PCR product add 11.5 µL Platinum master mix (perform on ice). 24. Prepare a stock 96-well plate of barcoding primers by combining all unique pairs of row and column primers at 5 µM each by adding equal volumes (2-5 µL) of each iC7 and iR5 primer at 10 µM. This primer plate may be stored at −20 °C and used multiple times. 25. Using the barcoding primers prepared in step 24 and a multichannel pipette add 0.5 µL of primers to the appropriate wells of the genotyping plate. 26. Place in a thermocycler and amplify using the Platinum PCR cycling settings in Table 2 . 
Analysis Software
Procedure
Clonal Expansion. Time for Completion: 2-3 Weeks
Splitting and Freezing Cells. Time for Completion: 3 h
2. Reduce media volume to <100 µL per well and mix by pipetting. 3. Prepare two new 96-well V-bottomed plates (one for stock storage and one for genotyping) by combining two wells of highly confluent cells. Note: If cells have only grown to occupy two wells of a flat-bottomed 96-well plate, transfer a single well to each V-bottomed plate.
CRITICAL STEP Clones should occupy identical wells in both the stock and genotyping plates.
4. Set aside the genotyping plate and pellet the cells in the stock plate by centrifugation (250× g, 5 min, room temperature). 5. During this spin step, prepare 5 mL of sterile freezing media (90% FBS, 10% DMSO v/v) per stock plate. 6. After centrifugation use an 8-or 12-channel pipette to carefully remove supernatant from the pelleted cells in the stock plate.
7. Quickly and carefully resuspend cells in 50 µL of freezing buffer. 8. Wrap the stock plate in parafilm, place in polystyrene box or freezing box and store at −80 °C.
Cell Lysis. Time for Completion: Overnight (18 h)
9. Prepare 3 mL lysis buffer per full plate by adding proteinase K (see Section 5). 10. Pellet cells in the genotyping plate from step 4 in Section 3.2 (250× g, 5 min, room temperature). 11. Using an 8-or 12-channel pipette remove supernatant and resuspend in 30 µL lysis buffer. 12. Seal plate and incubate at 37 °C overnight. 13. On the following day, heat to 95 °C for 10 min in thermocycler to deactivate proteinase K. 14. Cool to 4 °C PAUSE STEP Lysed cells can be stored at −20 °C for up to one month or at −80 °C for one year. Mix by pipetting and amplify using the Herculase PCR cycling settings in Table 3 . Table 3 . Herculase PCR Amplification.
Locus Amplification and PCR Product
Temp. Time
Step 1 98 • C 30 s
Step 2 98 • C 10 s
Step 3 65 • C 30 s
Step 4 72 • C 30 s
Repeat steps 2-4 for a total of 6 cycles
Step 5 72 • C 5 min
Step 6 
Analysis Software
Procedure
Clonal Expansion. Time for Completion: 2-3 Weeks
Splitting and Freezing Cells. Time for Completion: 3 h
2. Reduce media volume to <100 µL per well and mix by pipetting. CRITICAL STEP Take care not to dislodge and discard cells by disturbing the pellet.
18. Place in thermocycler and amplify using the Platinum PCR cycling settings in Table 2 . PAUSE STEP After stopping the reaction, the mix can be stored at 4 °C overnight.
Well Barcoding and PCR Product Clean-Up. Time for Completion: 3 h
Analysis Software
Procedure
Clonal Expansion. Time for Completion: 2-3 Weeks
1. Using the appropriate growth media, clonally expand single-cell sorted colonies, splitting them as necessary until they occupy two to four wells of a 96-well plate at a high level of confluence (80-90%). CRITICAL STEP Locus-specific PCR products will have near identical sequences, PhiX is essential to avoid MiSeq run failure from low complexity. If sequencing a single locus specific PCR product, increase PhiX to 30%.
Splitting and Freezing
Data Analysis. Time for Completion: 1-3 Days
All scripts as well as sample files and fastq files (analyzed below) are available via GitHub as a user tutorial.
Expected Results
During amplification and indexing of the edited locus, quality-control checks that are performed ensure libraries are successfully prepared for sequencing (Figure 3) . Analysis of sequenced clones using plateScreen96 custom scripts will provide numerous metadata files including sequence quality, metrics of flashing, and importantly a PDF/PNG report ( Figure 4) . The report includes important metadata from the analysis, including barcode and adaptor sequences, reference genome coordinates and sequence, optional cell line sequence, and finally reads from each clone sorted by well and reporting PCR number. The aligned reads allow manual inspection to determining editing outcome and identify clones of interest. Although performing at a high success rate, not all wells generate sufficient sequence (threshold 10 reads), to be reported (Table 4 ). The success of sequencing is highly dependent on the number of cells used at the initial lysis step, with two near confluent wells from a 96-well plate providing the optimal results.
reporting PCR number. The aligned reads allow manual inspection to determining editing outcome and identify clones of interest. Although performing at a high success rate, not all wells generate sufficient sequence (threshold 10 reads), to be reported (Table 4 ). The success of sequencing is highly dependent on the number of cells used at the initial lysis step, with two near confluent wells from a 96-well plate providing the optimal results. 
Reagents Setup
Cell Lysis Buffer
Lysis Buffer (Table 5) can be made in advance by excluding proteinase K and stored at 4 °C for up to one month. Proteinase K should be added fresh on the day of use. PlateScreen96 generates a PDF of a colored alignment of reads against the reference genome and reports input barcode and adaptor sequences and allows highlighting of key regions such as the guide RNA (gRNA). Reads are sorted per identified well and counts given, allowing users to assign genotypes for edited alleles. In this example, rs4508712 was edited from homozygous A/A to homozygous G/G.
Reagents Setup
Cell Lysis Buffer
Lysis Buffer (Table 5) can be made in advance by excluding proteinase K and stored at 4 • C for up to one month. Proteinase K should be added fresh on the day of use. Table S1 : List of primers used to screen for editing. 
